Silica-supported molybdenum oxide and vanadium oxide catalysts have been prepared with a wide range of surface metal loadings (0.3-3.5 metal atom/nm 2 ). Isolated surface metal oxide species are dominant at surface metal loadings on silica below ca. 1 metal atom/nm 2 while at higher loadings, the metal oxide species tend to aggregate into crystalline MoO 3 and V 2 O 5 particles. Both catalyst series have been tested in the selective oxidation of methane with molecular oxygen at atmospheric pressure. The reactivity for methane conversion appears to be essentially related to dispersed isolated surface metal oxide species, with the surface vanadium oxide species being more reactive than molybdenum oxide species. The higher reactivity of the surface vanadium oxide sites may be related to the different nature of the interaction of the oxides with oxygen. Silica-supported vanadium oxide catalysts, despite their higher activity, result in lower yields to HCHO than silica-supported molybdenum oxide catalysts.
INTRODUCTION
The direct conversion of methane to formaldehyde and methanol in a single catalytic step in sufficiently high yield would give rise to new opportunities in the conversion of natural gas to other useful fuels and chemicals. Both the homogeneous and heterogeneous processes have been studied under various conditions (1-3) although progress toward obtaining a yield that would make such a process industrially viable has been very slow. The majority of these studies have involved metal oxide catalysts . In these studies, the CH 4 /oxidant stoichiometry has been varied (20 to 0.5), with the temperature normally within the range 723-923 K as a result of the extremely low reaction rate at low temperatures, while above 900 K CO x formation becomes much more dominant. High selectivities to methanol and formaldehyde (ca. 90%) at low methane conversion have been reported in the reaction with oxygen or nitrous oxide, although the selectivity drops drastically at increasing conversion leading to few reports of yields higher than ca. 2%.
These limited yields arise from the unfavorable ratio of the reactivity of methane to formaldehyde and methanol.
Studies by Spencer and Pereira (8, 9) in the selective oxidation of methane over redox-type (MoO 3 and V 2 O 5 ) catalysts indicate that the majority of carbon oxides are formed as a result of the deep oxidation of formaldehyde (CH 4 → HCHO → CO x ). The rate constant for the HCHO oxidation to CO derived from their data is 50-100 times higher than the rate constant for methane conversion. In line with the above argument, several authors have questioned the heterogeneous nature of the CH 4 oxidation. Baldwin et al. (16) raised serious doubts of the necessity to use a catalyst since the HCHO yield obtained from the heterogeneous process is still lower than that obtained from the homogeneous reaction. Hargreaves et al. (25) claimed a high yield to HCHO at 1023 K on MgO at very low oxygen conversion, but were unable to distinguish whether the oxidation of CH 3 · radicals to HCHO occurred in the gas phase or on the surface.
The selection of appropriate experimental conditions as well as a precise reactor design, which minimizes the combustion or gas-phase reaction, would appear critical in obtaining reliable data. Using this approach, CH 4 oxidation on silica-supported molybdenum oxide was studied, and results indicate that the activity depends markedly on the MoO 3 content (26, 27) . As one of the major issues in a partial oxidation reaction over oxide catalysts is the role of the lattice oxygen, a tracer 18 O 2 isotopic technique was used for studying the mechanism of oxygen incorporation into CH 4 (22, 23, 28, 29) . The results confirmed that the selective oxidation proceeds via a Mars-van Krevelen mechanism in which the lattice oxygen is incorporated into the formaldehyde molecule while the consumed oxygen is restored by dioxygen from gas phase (22, 23, 28, 29) . The same applies to silica-supported vanadia catalysts although the binding energy of lattice oxygen is lower in V 2 O 5 than in MoO 3 (30) .
This present study was aimed at evaluating the activity of CH 4 partial oxidation on silica-supported MoO 3 and V 2 O 5 catalysts and attempting to relate catalytic performance with surface characteristics of the supported oxide phases.
EXPERIMENTAL

Catalyst Preparation
A commercial silica (Aerosil 200), particle size 12 2 of the silica surface assuming that all of the supported metal oxide is 100% dispersed. They are referred to as xV (or xMo), where x indicates the surface concentration in V (or Mo) atoms/nm 2 of the support. The impregnated silicas were dried at 383 K and calcined in two steps: 623 K for 2 h and 923 K for 5 h. Prior to use in the reaction the catalysts were pelleted and sieved within the particle size range 0.42-0.50 mm.
Methods
The reducibility and the initial rate of reduction of the catalysts were obtained from reduction isotherms performed at 823 K using a Cahn 2000 microbalance operating at a sensitivity of 10 µg. Catalyst samples were first heated at 4 K/min to 823 K in a flow (60 cm 3 /min) of helium (99.997% vol) before measuring the kinetic reduction curves in a flow (60 cm 3 /min) of H 2 (99.995% vol) at the same temperature. Weight changes as a function of time were collected by microprocessor and then differentiated at zero time thus allowing calculation of the initial rate of reduction.
Raman spectra of the dehydrated samples were measured using the 514.5 nm argon ion excitation line at a maximum power of 70 mW. The scattered radiation was passed through a Spex Triplemate spectrometer coupled to a multichannel analyzer with an intensified photodiode array cooled at 233 K. The overall resolution was better than 2 cm −1
. A pressed wafer was placed into a stationary sample holder located in an in situ cell (31, 32) . Spectra were recorded in flowing oxygen at room temperature after the samples were dehydrated in flowing oxygen at 573 K.
Activity measurements were carried out at atmospheric pressure in a fixed-bed quartz microcatalytic reactor (8 mm o.d.) by co-feeding CH 4 (99.95% vol) and O 2 (99.98% vol) without diluent. The CH 4 : O 2 ratio was adjusted in the range 3-10 M by means of mass flow controllers and the methane residence time was adjusted to 0.4 or 2 g h/mol for vanadia and to 1.5 or 4.5 g h/mol for molybdena catalysts. The reactor effluent were analyzed by an on-line Konik 3000HR gas chromatograph fitted with a thermal conductivity detector. Chromosorb 107 and Molecular Sieve 5A packed columns were used with a column isolation analysis system.
RESULTS AND DISCUSSION
Structure of the Supported Oxides
Raman spectra of the dehydrated samples were recorded. Although water is generated under reaction conditions, which may influence the surface species resulting in changes in the Raman spectra of supported oxides, spectra obtained during methane oxidation conditions closely resemble spectra of dehydrated samples (33) . Therefore, it is justifiable to compare spectra of dehydrated samples in order to distinguish between samples of different loadings. In the case of MoO 3 /SiO 2 catalysts, a band at ca. 982 cm −1 is detected which is not present for silica alone. This band is due to the vibration mode of the terminal Mo= =O bond of isolated distorted octahedral mono-oxo-molybdenum oxide species. At higher loadings a broadening of the Raman band toward lower wavenumber is observed, and a band appears at ca. 368 cm −1 due to the bending mode of the Mo= =O. For 1.3Mo these features become broad Raman bands at ca. 968, 871, and 368 cm , suggesting the presence of surface polymolybdate species in the dehydrated catalyst at molybdenum loadings close to the dispersion limit. For higher molybdenum loadings, Raman bands at 993, 817, 660, 284, 158, 129, and 117 cm −1 due to crystalline orthorhombic molybdenum oxide were observed.
Silica-supported vanadium oxide catalysts showed a Raman band at ca. 1035 cm −1 , characteristic of the stretching mode of the terminal bond V= =O of isolated surface mono-oxo-vanadium oxide species with C 3v symmetry (34) . A weak interaction between surface vanadium species is indicated by additional Raman bands at ca. 284 and 404 cm −1 , which are more apparent at higher vanadium loadings. Aggregation of vanadium oxide species is indicated by Raman features at 993, 702, 404, and 284 cm (34) . Since the Raman bands of crystalline species are much more intense than those of dispersed surface species (32) , the size and number of these crystals need not necessarily be high.
As the catalytic reaction involves the consumption of surface oxygen species, isothermal reduction experiments were performed at 823 K (within the range of reaction temperatures studied) and both the initial rate of reduction and overall reducibility were calculated. Experiments were conducted after no appreciable weight loss was observed in flowing helium at 823 K, thus ensuring that the silicasupported metal oxides were dehydrated prior to reduction measurements. For the silica-supported vanadium oxide catalysts, weight loss occurred during the first few minutes of reduction and stabilized after approximately 2 h. This led to the removal of approximately one oxygen atom per supported vanadium atom ( Fig. 1) , except for the highest loaded (3.0V) sample. The higher reducibility of dispersed vanadia compared with bulk V 2 O 5 is consistent with previous reports (23, 35, 36) . Temperature-programmed reduction (TPR) studies of vanadium oxide supported on alumina, titania, and silica show a decrease in the reducibility of vanadium oxide species with increasing coverage (37) . Estimation of the dispersion of V 2 O 5 on SiO 2 from TPR profiles has been accomplished using this characteristic (38) . 2 ) MoO 3 /SiO 2 catalysts exhibited two distinct reduction stages: an initial rapid weight loss during the first few minutes (equivalent to that of the low-loaded samples) and then a slow process which reached equilibrium after approximately 3.5 h at 823 K. The appearance of the second reduction stage is associated with a decrease in the dispersion of molybdenum oxide species on silica, consistent with the appearance of surface polymolybdate species and crystalline orthorhombic molybdenum oxide features observed in Raman spectra of the dehydrated catalysts with concentrations of 1.3 Mo/nm 2 and above. This longer induction periods in isothermal reductions has been observed by Valyon et al. (39) . Previous TPR studies (40) show that the longer time required to reduce the aggregated molybdenum oxide species appears to result in part to mass transfer limitations. In agreement with this, an experiment conducted with catalyst 1.3Mo using a H 2 /He mixture showed a single reduction maximum. Kinetic limitation is responsible for the two-stage reduction observed in pure H 2 since no difference can be observed between dispersed and aggregated molybdenum oxide species in diluted hydrogen.
An increase in the reducibility of the higher-loaded SiO 2 -supported molybdenum oxide catalysts is observed (Fig. 1) with respect to the lowest loaded sample, in the loading range characterized by dispersed surface molybdenum oxide species. Aggregation of the molybdenum oxide species results in a significant increase in the overall degree of reduction of the silica-supported molybdenum oxide species (Fig. 1) implying that the dispersed surface molybdenum oxide species are less reducible than the bulk molybdenum oxide species. Highly dispersed particles cannot be fully reduced as a minimum particle size is required for stabilization. Additionally, silanol groups are reported to oxidize isolated metal particles (41) .
The increase in reducibility of molybdenum oxide species is indicative of some modification in the nature of molybdenum species. It may be related to the appearance of weak additional Raman features. As indicated by Raman spectroscopy, the amount of polymeric surface molybdenum oxide species is not very high, thus explaining the moderate increase in average reducibility of the silica-supported molybdenum oxide catalysts at molybdenum loadings below the onset of crystalline orthorhombic MoO 3 formation.
The relative weight loss measured in each stage can be used to evaluate the dispersion of silica-supported molybdenum oxide species since the two stages observed in the isothermal reduction of silica-supported molybdenum oxide catalysts can be related to the reduction of essentially dispersed (rapidly reduced) and bulk (slow reduction) molybdenum oxide phases. The percentage of dispersed molybdenum oxide estimated according to this method is presented in Fig. 2 . It has previously been noted that the dispersed molybdenum oxide species show a Raman band at ca. 982 cm −1 . The evolution of the intensity of that Raman band with respect to the silica support band at 495 cm isolated surface molybdenum oxide species, this band provides a good estimation of the amount of dispersed surface molybdenum oxide species. These Raman intensities are included in Fig. 2 . Initial increases in molybdenum loading results in an equivalent increase in the ratio of intensities at 982/495 cm −1
. The maximum in isolated molybdenum oxide species reached for a concentration of ca. 1.0 Mo/nm 2 indicated by the Raman signal corresponds with a silica surface in which very few available silanol groups remain (31, 42) (Fig. 2) . This estimation, however, cannot be made in a system where the bulk oxide is less reducible than the dispersed phase, as is the case for silica-supported vanadium oxide catalyst.
For both series, increasing the metal loading results in an increase in the initial reduction rate, (R 0 ) (Fig. 3) . For the Mo/SiO 2 series, the sharp increase of initial reduction rate (R 0 ) in the low molybdenum loading region corresponds to the presence of incipient surface polymerization of molybdenum oxide species. With a further increase in size, as suggested by the improved definition of Raman bands due to polymeric surface molybdenum oxide species, the crystalline orthorhombic MoO 3 phase appears and a significant decrease in R 0 takes place. For V 2 O 5 /SiO 2 loadings above 1 V/nm 2 , a less dramatic increase in R 0 with increasing loading is observed when compared with lower-loaded catalysts. At higher vanadium loadings (3.0 V/nm 2 ) the initial reduction rate declined significantly.
FIG. 3.
Initial reduction rates (R 0 ) for xMo ( ) and xV ( ) series.
For supported vanadia catalysts, the change in slope observed between 0.8V and 1.8V corresponds with the formation of microcrystalline vanadium oxide, whereas the sharp decrease in R 0 above 2 V/nm 2 corresponds with the onset of formation of larger vanadium oxide crystallites.
The reduction of molybdenum oxide species has been shown to be highly dependent on its dispersion (40) and the initial rate of reduction for V 2 O 5 crystals sensitive to the crystal thickness, according to the lattice parameter c (43) . The reduction isotherms show that reduction occurs in two stages for the xMo series at concentrations above those showing a maximum in R 0 . This reduction behavior is characteristic of bulk crystalline oxide (39) . At 1.3 Mo/nm 2 molybdate species are formed while at higher loadings the formation of crystalline orthorhombic α-MoO 3 occurs. For the xV series the initial deviation of R 0 is associated with the onset of microcrystalline V 2 O 5 species and the sharp decrease in R 0 corresponds with the onset of crystalline vanadium oxide formation.
Catalytic Activity
Prior to any measurement, the contribution of the gasphase reaction was evaluated by performing a series of experiments with the empty reactor. The data obtained with the 8-mm-o.d. reactor and the results obtained in another series of experiments performed using an empty and SiCfilled 12-mm-o.d. reactor confirmed that the contribution of the gas-phase reaction in the temperature range studied is negligible, giving only trace amounts of dimerization products, mainly ethane, at temperatures above 873 K. Blank experiments were performed with the untreated support as formation of HCHO on several commercial silica substrates has been reported (15, 20) . No significant activity would be expected as the Degussa Aerosil-200 used here is a fumed silica, prepared at high temperature. In the temperature range 823-953 K, for methane pseudo-contact time W/F = 2.0 g h/mol and CH 4 /O 2 = 10 (molar ratio) in the feed, no HCHO was detected and carbon oxides and water were the major reaction products, with only trace amounts of ethane (dimerization) at the highest temperatures. The MoO 3 /SiO 2 catalysts reached steady state according to GC analysis, whereas the V 2 O 5 /SiO 2 catalysts required ca. 4 h on stream to reach steady state.
The selective oxidation of methane on both the MoO 3 / SiO 2 and V 2 O 5 /SiO 2 catalysts yielded essentially HCHO, CO, CO 2 , and H 2 O. Minor amounts of dimerization products and methanol were also observed. A reactor specifically designed to reduce the dead volume was used since the participation of the gas-phase reaction plays a significant role in further oxidizing the selective oxidation products (HCHO) (16) . To understand the role played by the lattice oxygen of MoO 3 and V 2 O 5 oxides in the selective oxidation of methane and to explain the relative reactivities of the two oxides, which provide basic insights into the reaction mechanism, a comparison of the catalytic behaviors in terms of : (i) methane conversion vs temperature, (ii) methane conversion vs contact time, and (iii) selectivity to HCHO vs conversion are described below. Activity and selectivity data obtained for a given set of experimental conditions were practically identical for repeated experiments.
The influence of the reaction temperature on methane conversion for two representative 0.8V and 0.8Mo samples (i.e., containing the same metal oxide surface concentration) is presented in Fig. 4a . An increase in reaction temperature results, as expected, in an increase in the methane and oxygen conversion. Figure 4b depicts the conversion of methane vs pseudo-residence time (W/F). Under any specific reaction condition V 2 O 5 /SiO 2 catalysts are significantly more reactive than MoO 3 /SiO 2 catalysts. In fact, it is apparent that the onset reaction temperature for 0.8V is ca. 60 K less than that needed for 0.8Mo to obtain the same level of conversion. Similar observations have been reported by Spencer and Pereira (9) and Parmaliana et al. (15, 18) . Figure 5 shows the selectivity to HCHO, CO, and CO 2 vs methane conversion on the representative catalysts, 0.8V and 0.8Mo. The complementary selectivity trends between HCHO and CO strongly suggest that HCHO is further oxidized to CO for both MoO 3 /SiO 2 and V 2 O 5 /SiO 2 . However, the selectivity to CO 2 shows a different trend. CO 2 is formed at very low conversion on silica-supported molybdenum oxide catalysts and its selectivity does not appear to change significantly in the range of methane conversion studied. Conversely, for V 2 O 5 /SiO 2 , no CO 2 is formed at very low methane conversion, but a further increase in CH 4 conversion results in an increase in formation of CO 2 . It is apparent that carbon dioxide is a primary product for silica-supported molybdenum oxide catalysts whereas it would appear to be formed by further oxidation of CO on vanadia/silica catalysts. The reaction pathway for methane conversion initially proposed by Spencer and Pereira (9) has been verified by isotopic studies (22, 23, 28, 29) . We have previously shown a simple means of demonstrating that CO 2 is a primary product on MoO 3 /SiO 2 catalysts and that it can be enhanced by promoting secondary gas-phase reactions (16) . The activity of the 0.8Mo catalyst was measured using two reactors, one of which had a small dead volume downstream of the catalyst bed. Under the same reaction conditions, methane conversion was not altered although the product distribution was modified. An increase in residence time of the products in the hot zone (reactor with larger dead volume, 10-mm-o.d. reactor) decreased markedly the selectivity to HCHO with a corresponding increase to CO. The selectivity to carbon dioxide was only slightly affected. It would appear that HCHO and CO 2 are primary products in the oxidation of methane on silicasupported MoO 3 catalysts. Figure 6 shows the selectivity to HCHO of 0.8V and 0.8Mo. The selectivity to HCHO is always lower for the silica-supported vanadium oxide catalysts. The differences observed between silica-supported molybdenum oxide and silica-supported vanadium oxide cannot be explained from the differences observed in their reducibility and initial reduction rates. In line with other studies on the selective oxidation of hydrocarbons, no definite correlation has been found between catalytic activity and catalyst reducibility (44, 45) . We have already reported a similar absence of a link between catalyst reducibility and its activity in the selective conversion of methane (46) . This trend is in contrast to behavior in methanol oxidation where hydrogen abstraction takes place and catalytic activity may be correlated with catalyst reducibility (46) . In the case of methane oxidation, radicals are reported to be generated mainly in the gas phase and then converted on the supported metal oxide (20) . Therefore, the main difference between both catalyst series must be related to their different capabilities to activate oxygen. Oxygen species transform upon adsorption on a metal oxide according to the following scheme (47):
Predominant species should be determined by the nature of specific oxides. A continuous gradation of these species is expected to occur on the adsorption site. Molybdates are reported not to adsorb oxygen, in contrast to silicasupported vanadia (47) . Isotopic studies show no oxygen exchange on silica-supported molybdenum oxide (22) and a small degree of oxygen exchange on silica-supported vanadium oxide (23, 29) . This result leads us to assume a higher interaction of the silica-supported vanadium sites with gas-phase oxygen than in the case of silica-supported molybdenum oxide. Under catalytic reaction conditions interaction of both silica-supported oxides with methyl radicals results in the incorporation of lattice oxygen in the formaldehyde molecule, as indicated by isotopic studies on silica-supported molybdenum oxide (22, 28) and on silica-supported vanadium oxide (23, 29) during the selective oxidation of methane. For both systems oxygen vacancies are regenerated by gas-phase oxygen. In addition to surface lattice oxygen, adsorbed oxygen species (O 2 − and O − ) are also expected to be formed on silica-supported vanadium oxide catalysts (47) . Ionic adsorbed oxygen species are reported to be more reactive and lead to nonselective oxidation, as in the case of methane combustion catalysts (48) . Scarcity of adsorbed oxygen prevents lowering reaction selectivity (49) . This may be the origin of the higher reactivity and lower selectivity of silica-supported vanadium oxide catalysts.
The methane turnover frequency (TOF) values are presented in Fig. 7 for the silica-supported metal oxide catalysts as a function of the surface metal coverage (metal atom/nm 2 ). The TOF values have been calculated under the assumption that all the supported metal is active. At low metal loadings (below 1.3 metal atom/nm 2 ) the TOF values remain essentially constant, except for 0.3V, which presents a remarkably low TOF. Similar profiles have been obtained by Karthereuser et al. (29) using V 2 O 5 /SiO 2 catalysts for methane conversion. This loading range (<1 metal atom/ nm 2 ) is characterized essentially by the existence of dispersed isolated surface metal (V or Mo) oxide species. The yield to partial oxidation products (HCHO) is less for V 2 O 5 /SiO 2 catalysts despite its higher reactivity (Fig. 6) . The higher reactivity of the V 2 O 5 /SiO 2 series is essentially related to nonselective oxidation products. In situ Raman experiments during methane oxidation conditions show that supported vanadium oxide species undergo a slight reduction to lower oxidation states, thus providing oxygen adsorption sites (33) . This reduction is not observed for MoO 3 /SiO 2 catalysts (46). The reduced sites generated on V 2 O 5 /SiO 2 surfaces during methane oxidation, which act as adsorption sites to activate oxygen, appear to promote non-selective oxidation (33, 48) . The high TOF number difference between the 0.3V sample and the other members of the series of low loadings is not clear. One possibility is that the very low conversion values do not allow a quantitative study of this specific catalyst. However, it is possible that, for very low loadings and consequently high dispersions where essentially all vanadium species exist as isolated entities, these species are incapable of providing both active oxygen and methane/methyl radical adsorption sites (e.g., H abstraction sites) and that this combination is only provided when nearest-neighbor vanadium species are present at higher loadings. At yet higher loadings, better-defined and larger crystals of V 2 O 5 are present, decreasing the number of exposed vanadium sites, resulting in the dramatic drop in TOF. The TOF profile for MoO 3 /SiO 2 is quite similar. Below the dispersion limit, the TOF number remains essentially constant and decreases for molybdenum loadings where crystalline MoO 3 species are present.
It appears that methane conversion on V 2 O 5 materials is not only related to the surface vanadium species present but also to the partial reduction of these sites. These provide sites for nonselective oxidation products. During reaction under reducing conditions, the surface of the vanadium species undergoes a reduction that may be the origin of the induction period observed for V 2 O 5 /SiO 2 , which was not detected for MoO 3 /SiO 2 catalysts. Reactivity of MoO 3 /SiO 2 catalysts is essentially linked to dispersed surface molybdenum oxide species and no surface reduction and consequently additional sources of reactivity are generated.
CONCLUSIONS
Characterization of the silica-supported molybdenum and vanadium oxides by laser Raman spectroscopy and reduction isotherms allows a critical surface metal loading to be determined above which supported metal oxide species are present as bulk oxide. Isolated dispersed metal oxide species are dominant on both catalyst series at lower metal loading. The higher reducibility of bulk-like molybdena vs surface molybdenum oxide species provides a simple means to evaluate dispersion of silica-supported molybdenum oxide.
Both supported V and Mo oxides are active in the conversion of methane to C 1 -oxygenates and CO x . Formaldehyde is a primary oxidation product, which is further oxidized to CO. The vanadium oxide catalysts are more reactive than the molybdenum oxide catalysts in conversion of methane; however, its higher reactivity also results in a further oxidation of HCHO to CO thus resulting in a lower yield to selective oxidation products.
Characterization and activity measurements indicate that surface dispersed metal oxide species are more reactive than aggregated metal oxide species.
